Estrogen protects renal endothelial barrier function from ischemia-reperfusion in vitro and in vivo. Am J Physiol Renal Physiol 303: F377-F385, 2012. First published May 23, 2012 doi:10.1152/ajprenal.00354.2011.-Emerging evidence suggests that renal endothelial function may be altered in ischemia-reperfusion injury. Acute kidney injury is sexually dimorphic, and estrogen protects renal tubular function after experimental ischemic injury. This study tested the hypothesis that during ischemiareperfusion, estrogen alters glomerular endothelial function to prevent hyperpermeability. Glomerular endothelial cells were exposed to 8-h oxygen-glucose deprivation (OGD) followed by 4-and 8-h reoxygenation-glucose repletion. After 4-h reoxygenation-glucose repletion, transendothelial permeability to Ficoll-70 was reduced, and transendothelial resistance increased, by 17␤-estradiol vs. vehicle treatment during OGD (OGD-vehicle: 91.0 Ϯ 11.8%, OGD-estrogen: 102.6 Ϯ 10.8%, P Ͻ 0.05). This effect was reversed by coadministration of G protein-coupled receptor 30 (GPR30) antagonist G15 with 17␤-estradiol (OGD-estrogen-G15: 89.5 Ϯ 6.9, P Ͻ 0.05 compared with 17␤-estradiol). To provide preliminary confirmation of this result in vivo, Ficoll-70 was administered to mice 24 h after cardiac arrest and cardiopulmonary resuscitation (CA/CPR). Blood urea nitrogen (BUN) and serum creatinine (SCr) in these mice were elevated within 12 h following CA/CPR and reduced at 24 h by pretreatment with 17␤-estradiol (BUN/SCr 17␤-estradiol: 34 Ϯ 19/0.2 Ϯ 0.1 vehicle: 92 Ϯ 49/0.5 Ϯ 0.3, n ϭ 8 -12, P Ͻ 0.05). Glomerular sieving of Ficoll 70 was increased by CA/CPR within 2 h of injury and 17␤-estradiol treatment (; 17␤-estradiol: 0.74 Ϯ 0.26 vs. vehicle: 1.05 Ϯ 0.53, n ϭ 14 -15, P Ͻ 0.05). These results suggest that estrogen reduces postischemic glomerular endothelial hyperpermeability at least in part through GPR30 and that estrogen may regulate post CA/CPR glomerular permeability in a similar fashion in vivo.
and strongly suggested a protective effect of estrogen, but a detailed understanding of the mechanism of this protection is lacking. Therefore, the current study aims at furthering our understanding of the beneficial effects of estrogen (18, 19, 31, 32, 39, 44) .
Ischemic injury to the kidney results in injured renal epithelial tubular cells, causing functional renal failure in AKI. While tubular cell death is the hallmark of AKI, there is emerging evidence that renal ischemia alters endothelial cell function. Interestingly, the mechanism and cell type that mediate estrogen renoprotection remains unknown. There is evidence that estrogen acts directly on tubular epithelial cells via cytoskeletal and protective mechanisms (48) . In addition, however, estrogen-mediated regulation of the endothelium is well described (10, 13, 34) , and endothelial function is altered in renal ischemia (4, 5) . For example, multiple investigators have shown that estrogen or female sex attenuates endothelin-1 [which reduces glomerular filtration rate and renal plasma flow (22) production after renal ischemia (28, 42, 44) ]. We previously found that estrogen's renoprotective effect in vivo is not mediated by classic estrogen receptors (ER) ␣ or ␤ (17). We therefore hypothesized that during ischemia-reperfusion injury, estrogen alters the function of glomerular endothelium to prevent hyperpermeability and that in vitro this effect might be mediated through a third estrogen receptor, G protein-coupled receptor 30 (GPR30). To test this hypothesis, we developed and utilized a novel in vitro model employing cultured glomerular endothelial cells, and a novel in vivo model using macromolecular sieving to assess glomerular permeability following ischemiareperfusion.
MATERIALS AND METHODS
Glomerular endothelial cell culture. This conditionally immortalized cell line (1) was developed in the H-2Kb-tsA58 immortomouse by Dr. Michael Madaio, Temple University and was a kind gift of Dr. H. Abboud, University of Texas, San Antonio. Glomerular endothelial cells (gENCs) were cultured either under "standard" conditions or membrane integrity-enhancing conditions. Standard media consisted of DMEM with 10% fetal bovine serum and Ham's F12 (GIBCO, Invitrogen, Carlsbad, CA). Supplemented media was EGM2-MV (Lonza, Allendale, NJ). This proprietary media contains 5% fetal bovine serum and the supplements human fibroblast growth factor-2, vascular endothelial growth factor, R 3 -insulin-like growth factor-1, human endothelial growth factor, hydrocortisone, ascorbic acid, and gentamicinamphotericin. After characterization and optimization of culture conditions for these experiments, gENCs were grown to confluence on fibronectin-coated (BD, San Jose, CA) membrane supports with 0.4-m pores (Transwell, Corning, Corning NY) in supplemented media. Once confluent, media was changed daily, and transendothelial resistance (TEER) was measured daily. When the transendothelial resistance was Ͼ19, cells were considered ready for experimental use. All results reported represent repeated experiments.
RT-PCR. gENCs were grown to 80% confluence. Media was removed, and cells were rinsed twice with sterile phosphate-buffered saline, then removed from culture dishes using RNA lysis buffer (Lysis Solution, Ambion, Austin, TX) and manual scraping. RNA was then isolated using the RNAqueous®-Micro Kit (Ambion) and further treated with DNase I, per the manufacturer's instructions. First-strand cDNA was reverse transcribed from 2 g total RNA with a High Capacity cDNA archive Kit (Applied Biosystems, Foster City, CA), and PCR was then carried out using GoTaq DNA Polymerase (Promega, Madison WI). Primers were designed using National Institutes of Health Primer BLAST online software. Parameters for PCR were as follows: denaturing at 95°C for 2 min followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 48°C for 1 min, and extension at 72°C for 1 min, with a final extension phase of 5 min at 72°C for 5 min. Twenty microliters of each sample were then loaded into a 1% agarose gel preloaded with ethidium bromide at 0.5 g/ml, and 85 V were applied across the gel for 1 h. Gels were then imaged using a Typhoon 9400 scanner (GE Life Sciences, Piscataway, NJ). For each transcript, replicate PCR was performed on three separate samples collected from noncontemporaneous cultures. RNA extracted from female C57BL/6 mouse renal homogenate was used as a positive control, with the exception of ER␤, which produced a weak signal in the renal homogenate. Positive control for ER␤ was RNA extracted from the uterine homogenate from C57BL/6 mice. The primers are described in Table 1 .
Preparation of fluorescent-conjugated Ficoll-70 solutions. Ficoll-70 conjugated to tetramethyl rhodamine isothiocyanate (TRITCFicoll-70) or FITC-Ficoll-70 was purchased (TdB Consultancy, Uppsala, Sweden) and diluted in 0.9% sodium chloride solution which had been heated to 90°C. After cooling, the FITC-or TRITC-Ficoll-70 solution was dialyzed for 24 h in a 2,000-Dalton molecular mass cut-off dialysis cassette (Slide-a-lyzer, Pierce, Rockford, IL) to remove unbound fluorescent molecules. The solution was then filtered through a 0.22-m filter (Millipore, Billerica, MA) to remove microbial and other contaminants. Concentration was then measured against a prederived standard curve on a plate reader (VICTOR 3, PerkinElmer, Waltham, MA) using excitation and emission wavelengths of 405 and 535 nM (for FITC) or 560 and 572 nM (for TRITC), respectively. Fluorescent tracers were protected from light during all experimental manipulations.
TEER measurements. An endothelial microvolt-ohmmeter and concentric-ring electrode system (Evohm, Endohm, World Precision Instruments, Sarasota FL) were used to measure TEER. Measurements were performed to assess readiness for experimentation, immediately before oxygen-glucose deprivation (OGD) and after the specified reoxygenation-glucose repletion (RGR) period. After the cell support was placed in the measurement chamber, readings were allowed to stabilize for 10 s before recording. The resistance of a cell-free insert treated in parallel with cell-bearing inserts was subtracted from each measurement, and the resulting value was multiplied by the surface area of the membrane support to obtain TEER in ⍀·cm 2 . This was then normalized to the baseline value for the same well and expressed as the percentage of baseline.
In vitro measurement of FITC-Ficoll flux. At the specified time points, 50 l of the media from the lower chamber of the membrane support system was aspirated and placed in one well of a 96-well cell culture plate. Fifty microliters of 0.5 M HEPES was then added to the sample to equalize pH between samples, as FITC fluorescence is pH dependent. FITC-Ficoll-70 concentration was then measured using a VICTOR3 plate reader (PerkinElmer) with excitation and emission wavelengths of 405 and 535 nM, respectively. A premeasured standard curve was used to determine concentration. Concentration was then multiplied by the area of the membrane support and divided by the time in hours to determine flux.
OGD. Media above and below prepared monolayers on membrane supports was replaced with either growth media with 0.05% DMSO (normoxic control), serum-and glucose-free DMEM (Invitrogen) with 0.05% DMSO, serum-and glucose-free DMEM with 0.05% DMSO and 100 nM 17␤-estradiol, or serum-and glucose-free DMEM with 0.05% DMSO, 1000 nM G15, and 100 nM 17␤-estradiol. Cells were then placed in either of two environments for 8 h: normoxic control, 37°C incubator with 21% oxygen and 5% carbon dioxide; or OGD groups, 37°C anoxia chamber (COY Laboratory Products, Grass Lake, MI) filled with an anoxic gas mixture (5% CO 2-5% H2-90% N2). Oxygen concentration was maintained at 0 parts per million (PPM) using a palladium catalyst. Anoxic conditions were monitored continuously with an oxygen monitor (COY Laboratory Products) placed inside the chamber. After 8 h, cells were removed from the chamber and media was changed to phenol red-free DMEM with 5% fetal bovine serum and 5.5 mM glucose. Four micrograms FITCFicoll-70 was added to the upper chamber of the membrane support. Cells were then housed in normoxic conditions until TEER and Ficoll concentrations were measured at 4 h of RGR and again at 8 h of RGR.
Animals and experimental groups. This study was conducted in accordance with the National Institutes of Health guidelines for the care and use of animals in research, and all animal protocols were approved by the Oregon Health and Science University Institutional Animal Care and Use Committee. C57BL/6 mice (6-to 8-wk-old female, Charles River Laboratories, Boston, MA) were randomized to vehicle or 17-␤-estradiol treatment groups and subsequently underwent experimental procedures.
Ovariectomy and 17␤-estradiol treatment. Under isoflurane anesthesia, female mice were ovariectomized 7 days before cardiac arrest/ cardiopulmonary resuscitation (CA/CPR) to allow endogenous sex steroids to decrease. At the time of ovariectomy, all mice underwent subcutaneous placement of either sesame oil (vehicle)-or 17␤-estradiol-containing (6.3 g total dose) silastic implants. We previously demonstrated that this dose of 17␤-estradiol reproducibly produces physiologic estradiol levels (3). All surgeons performing the ovariectomy in our laboratory have previously demonstrated proficiency measured by post-procedure serum estradiol levels.
In vivo whole-body ischemia-reperfusion (CA/CPR). We performed normothermic CA/CPR as previously described (17, 18, 20) . Briefly, after weighing, general anesthesia was induced with 4% isoflurane in Table 1 .
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ER, estrogen receptor; GPR30, G protein-coupled receptor 30. http://ajprenal.physiology.org/ a 2:1 air:oxygen mixture and then maintained with 1-2% isoflurane. Animals were then placed in a supine position on a warming pad, under a warming lamp. A rectal temperature probe was inserted. The pad and lamp were controlled by a proportional-integral-derivative algorithm-controlled temperature controller (Digi-Sense, Cole Parmer, Vernon Hills, IL) set to 37.0°C, and animal temperature was maintained between 36.5 and 37.5°C. After tracheal intubation with a 22-ga teflon catheter (InSyte-W, BD, Franklin, NJ), animals were mechanically ventilated and subcutaneous electrocardiography (EKG) electrodes were placed and secured. A PE-10 catheter was placed in the right jugular vein. After a 5-min equilibration period, cardiac arrest (CA) was induced with 40 l of 0.5 M potassium chloride intravenously. CA was confirmed by isoelectric EKG signal and absence of visible cardiac contraction on the chest wall. Isoflurane and mechanical ventilation were discontinued, and the endotracheal tube was disconnected. At 7.5 min after the onset of CA, the endotracheal tube was reconnected and mechanical ventilation was resumed using 100% oxygen. At 8 min after the onset of CA, chest compressions were initiated at a rate of 300/min, measured by motion artifact on the EKG. Epinephrine, 5-16 g in 0.9% sodium chloride solution (0.5-1.0 ml), was administered intravenously. Return of spontaneous circulation (ROSC) was confirmed by EKG and visible cardiac contractions on the chest wall. The jugular catheter was then removed, and hemostasis was obtained. The trachea was extubated when spontaneous respiratory rate was Ͼ60 breaths/min. Animals were then placed in a recovery cage, which was placed on a warming pad controlled at 37°C. Sham-treated animals underwent general anesthesia as described, with endotracheal intubation, mechanical ventilation, and incision over the jugular vein but no catheter placement.
In vivo measurement of transglomerular sieving of Ficoll-70. At specified time points following CA/CPR, animals underwent induction of general anesthesia with isoflurane, followed by placement of a PE-10 catheter in the jugular vein. Then, 0.25 mg of bumetanide and 100 g of TRITC-conjugated Ficoll-70 diluted in 1.5 ml 0.9% sodium chloride were administered via the jugular catheter. At 80 min after bumetanide/TRITC-Ficoll-70 administration, mice were euthanized by transcardial exsanguination and the bladder was completely aspirated under direct vision via a midline laparotomy. Blood samples were collected and serum-separated by centrifugation for serum TRITC fluorescence measurement. Urine volume was recorded, and TRITC fluorescence of both serum and urine was measured on a plate reader as described below.
Evaluation of functional renal outcomes. Because of the limited blood volume of the mouse and the requirement for lithium heparinpreserved whole-blood samples, a separate cohort of animals was used for these measurements. Following acquisition of urine samples 24 h after CA/CPR, and immediately after euthanasia, a clamshell thoracotomy was performed and blood (100 -500 l) was drawn from the apex of the left ventricle. Blood samples were placed in lithium heparin tubes. A point-of-care enzyme-coupled analyzer (Abaxis Medical Diagnostics, Union City, CA) was used to measure blood urea nitrogen (BUN) and serum creatinine (SCr). This device was chosen because it employs a creatinine amidohydrolase catalyzed assay, which is not subject to artifactual elevation of creatinine caused by chromogens in mouse urine (21, 27) .
Data analysis. Analysis was performed with Prism 5.0 software (GraphPad Software, LaJolla CA). Treatment comparisons involving three or more groups were performed using one-way ANOVA. Posttest comparisons between individual groups within multiple group comparisons were performed using Bonferroni's algorithm. Two group comparisons for scalar values were performed using the unpaired t-test, with two-tailed P values. Two group comparisons for proportions (survival) were performed using Fisher's exact test. The Spearman correlation was performed to assess agreement between transendothelial resistance measurements and Ficoll flux. All data are shown as means Ϯ SD. Statistical significance was inferred if the P value was Ͻ0.05.
RESULTS
gENCs express endothelial markers, ER␣, ER␤, and GPR30.
We tested expression of endothelial-specific markers to verify that the gENC cell line retained endothelial specificity and expressed important molecules for estrogen signaling. Figure 1 illustrates that we observed mRNA for endothelial markers CD102, CD31, and CD34 in samples of cultured gENCs. Importantly, epithelial cell marker EPCAM-1 and fibroblast marker s100a were not expressed. ER␣, ER␤, and GPR30 are expressed in this cell line.
Supplemented media and fibronectin coating increase membrane integrity. To determine ideal culture conditions for testing membrane integrity, gENCs were cultured using standard media with and without fibronectin surface treatment, or supplemented media with fibronectin surface treatment. We found that fibronectin substrate coating combined with supplemented media significantly enhanced endothelial membrane integrity as measured by TEER 4 days postconfluence (standard media alone 6.0 Ϯ 0.53 ⍀·cm 2 , standard media with fibronectin substrate 6.0 Ϯ 0.0 ⍀·cm 2 , supplemented media with fibronectin substrate 15.2 Ϯ 2.17, P Ͻ 0.05, n ϭ 8, 2, and 5, respectively).
Estrogen ameliorates OGD-induced endothelial monolayer injury in vitro. OGD caused a significant decrease in gENC monolayer stability, as measured by TEER. gENC monolayers were exposed to 12-h OGD, and TEER was measured 4 h after RGR. OGD caused a significant decrease in resistance, decreasing TEER by 30% at 4 h. Glomerular endothelial monolayers treated with estrogen during OGD exposure were protected from OGD-induced decrease in TEER and were not significantly different from normoxic monolayers at the 4-h RGR time point. This effect was reversed by the coadministration of estrogen receptor GPR30 antagonist G15 with estrogen (Fig. 2) . At 8 h of RGR, however, the effect of estrogen exposure during OGD was no longer evident, and estrogenexposed monolayers were no longer significantly protected relative to vehicle (Fig. 3) . Similarly, OGD caused increased gENC monolayer permeability to Ficoll flux. Figure 4 illustrates that 12-h OGD and 4-h RGR resulted in a significant increase in transendothelial Ficoll flux. Estrogen prevented OGD-induced hyperpermeability, reducing Ficoll flux to the level observed in normoxic control conditions. The protective effect of estrogen was reduced by the coadministration of G15, although the reversal of effect was nonsignificant. The estrogen effect was reversed at the 8-h time point, as seen in Fig. 5 . Overall, there was significant correlation between endothelial permeability as measured by Ficoll flux and that measured by TEER (r ϭ Ϫ0.3, P Ͻ 0.05, not shown).
CA/CPR induces renal functional injury. To determine the time course of renal functional injury after CA/CPR, we measured serum blood urea nitrogen and creatinine in shamexposed mice and mice subjected to CA/CPR and 2, 6, 12, 18, 24, or 48 h of recovery. Figure 6 illustrates that peak serum markers (blood urea nitrogen 91 Ϯ 68 mg/dl, creatinine 0.5 Ϯ 0.4 mg/dl, n ϭ 5-7/group, P Ͻ 0.05 with respect to sham) occurred at 12 h after CA/CPR, with a plateau of both blood urea nitrogen for all time points measured thereafter (18, 24 , and 48 h not significantly different from 12 h, n ϭ 7/group).
Glomerular sieving of macromolecules is increased 2 h after CA/CPR. To determine the effect of CA/CPR and that of ablation of physiological estrogen on glomerular sieving of the macromolecule Ficoll-70, we measured the glomerular sieving coefficient (the urine/serum ratio of TRITC-Ficoll-70 concentration; Ficoll-70 ) in CA/CPR naive, gonadally intact or ovariectomized female mice. Figure 7 illustrates that was not affected by ovariectomy (0.47 Ϯ 0.16 in CA/CPR-naive, gonadally intact mice, 0.53 Ϯ 0.15 in CA/CPR-naive, ovariectomized mice, n ϭ 8/group, P Ͼ 0.05). Following this, we measured in ovariectomized mice at 2, 6, 12, and 24 h after CA/CPR. Two hours following CA/CPR, Ficoll-70 was significantly elevated relative to baseline (0.71 Ϯ 0.24, n ϭ 10, P Ͻ 0.05). By 6 h following CA/CPR, Ficoll-70 returned to baseline (0.48 Ϯ 0.11, n ϭ 10, P Ͼ 0.05) and remained similar to baseline thereafter (12 h: 0.50 Ϯ 0.15, n ϭ 7, 24 h: 0.48 Ϯ 0.21, n ϭ 6 respectively, P Ͼ 0.05).
Estrogen is renoprotective and alters glomerular sieving of macromolecules after CA/CPR in vivo. To confirm the renoprotective effect of estrogen in the intact animal, we performed CA/CPR in female mice following ovariectomy and estrogen replacement (compared with ovariectomy without estrogen replacement). Intravenous injection of potassium chloride led to immediate asystolic cardiac arrest in all mice. Total ischemia time, epinephrine dose, epinephrine dose indexed to weight (not shown), and survival rate were not different be- Fig. 2 . Transendothelial resistance after 8-h oxygen-glucose deprivation (OGD) and 4-h reoxygenation-glucose repletion (RGR). Cells were treated with vehicle (VEH), 100 nM 17␤-estradiol (EST), or 100 nM 17␤-estradiol (EST) and 1,000 nM G15 (a selective GPR30 antagonist). Control cells were exposed to normoxic conditions in vehicle (Normox). Drug treatments were removed following OGD. Estrogen-treated cell monolayers exhibited significantly more electrical resistance than those treated with vehicle and were not significantly different from non-OGD exposed cells. This protective effect was reversed by the addition of G15. NS, not significant. Values are means Ϯ SD. Fig. 3 . Transendothelial resistance after 8-h OGD and 8-h RGR. Cells were treated with vehicle, 100 nM 17␤-estradiol, or 100 nM 17␤-estradiol and 1,000 nM G15 (a selective GPR30 antagonist). Control cells were exposed to normoxic conditions in vehicle (Normox). Drug treatments were removed following OGD. At the 8-h time point, the protective effect of estrogen was lost. Drug-treated cells were not different from vehicle-treated cells, and all OGD-exposed cell monolayers exhibited reduced electrical resistance compared with control (Normox) cell monolayers. Values are means Ϯ SD. tween ovariectomized and ovariectomizedϩ17␤-estradioltreated groups (Table 2 ). In a single cohort, we measured serum functional markers at 24 h after CA/CPR. CA/CPR resulted in significant renal injury 24 h following insult, indicated by significant increase in blood urea nitrogen and serum creatinine. Figure 8 , A and B, illustrates that serum from 17␤-estradiol-replaced mice contained significantly less urea nitrogen and creatinine compared with ovariectomized, vehicle-treated mice, consistent with our previous observation of estrogen protection of renal function following ischemia (P Ͻ 0.05, n ϭ 8 -12/group) (16, 18, 20) . TRITC-labeled Ficoll was administered to a separate cohort of mice at 2 or 24 h following CA/CPR to assess the effect of ischemia on transglomerular permeability. Consistent with our in vitro data, Fig. 9 , A and B, illustrates that estrogen significantly reduced in the early postinjury phase at 2 h (vehicle 1.1 Ϯ 0.5, n ϭ 14, 17␤-estradiol 0.7 Ϯ 0.3, n ϭ 15, P Ͻ 0.05), but the effect was no longer significant at 24 h post-insult (vehicle 1.1 Ϯ 0.9, n ϭ 16, 17␤-estradiol 0.8 Ϯ 0.4, n ϭ 17, P Ͼ 0.05).
DISCUSSION
This study provides novel evidence that estrogen reduces glomerular endothelial permeability following ischemia-reperfusion injury. In vitro, macromolecular flux was attenuated, and TEER was augmented by transient estrogen exposure at physiological concentration. This effect was reversed in vitro by coadministration of the GPR30 antagonist g15 and estrogen. In vivo, administration of estrogen to mice reduced glomerular sieving of the macromolecule Ficoll-70. Our in vivo findings that estrogen protects renal tubular function as measured by blood urea nitrogen, serum creatinine, and urine output are in line with prior studies (18, 19, 31, 32, 39, 44) . In addition, we describe barrier-optimizing culture conditions and report for the first time the expression of ER␣, ER␤, and GPR30 mRNA in cultured glomerular endothelial cells. The novel pairing of in vitro and in vivo glomerular functional modeling offers a potentially powerful set of tools for further investigation. Overall, our findings suggest that estrogen reduces the permeability of ischemia-reperfusion-injured glomerular endothelium and that this effect may occur via the novel estrogen receptor GPR30.
The failure to translate putative renoprotective agents to the clinical setting suggests that alternative mechanisms may need to be explored (38) . While it is clear that estrogen exerts a renoprotective effect, the mechanism of this effect remains unclear. Estrogen is a pleiotropic molecule with effects which might be undesirable in a therapeutic context (for example, increased incidence of thromboembolism) (47) , particularly in the critically ill patient. As selective ER modulators are available, understanding which receptors are involved in our observed effect is important. Previously, we found that in vivo, ER␣ and ER␤ were not involved in the renoprotective effect after CA/CPR (18) . We therefore hypothesized that GPR30, a G protein-coupled ER, might mediate estrogen's effect. Available data suggest it is possible that estrogen mediates endothelial function through GPR30 (14, 24) . To elucidate the role of GPR30, we confirmed that it was expressed in glomerular endothelial cells, and then coadministered estrogen with the GPR30-specific antagonist G15 in our cell culture model. G15 -INT) , ovariectomized CA/CPR-naive mice (Naive-OVX), and CA/CPR-treated mice at 2, 6, 12, and 24 h following arrest and resuscitation. At the specified time point, mice were reanesthetized and administered fluorescent-labeled Ficoll-70, bumetanide, and intravenous 0.9% sodium chloride solution. Eighty minutes later, the mice were euthanized and blood and serum fluorescence were evaluated to determine Ficoll-70 concentration. Removal of physiological estrogen by ovariectomy did not alter Ficoll-70. Twenty-four hours following CA/CPR, Ficoll-70 was significantly elevated, but then rapidly declined to values similar to those found in CA/ CPR-naive animals. Numbers in bars are n.
reversed the protective effect of estrogen in vitro. This finding suggests that estrogen reduces the permeability of OGD-exposed glomerular endothelial cells, at least in part through GPR30. The current study did not assess the effect of other ERs; therefore, it remains possible that GPR30 is not the only contributor to estrogen-mediated protection of renal endothelial cells. We did not assess the effect of other receptor antagonists. It is possible that nonspecific binding or a mixed agonist/antagonist effect of G15 confounds this finding. However, G15 is a highly specific antagonist with no apparent agonist activity in vivo (11) . Nonetheless, our data suggest that specific GPR30 agonists may provide a new therapeutic strategy to prevent ischemia-induced endothelial hyperpermeability and improve renal function.
Investigators have focused on the tubular epithelium as it is these cells which die and directly impair renal function after ischemic injury. However, evidence supports the idea that glomerular barrier injury (of which the endothelium is an important part) might precede or induce tubular dysfunction (reviewed in Ref. 35 ). Sutton et al. (43) demonstrated endothelial injury, cytoskeletal alteration, impaired cell-cell adhesion, and leakage of dextran from the renal microvasculature into the interstitium after bilateral renal pedicle occlusion (43) . Using a rat renal pedicle occlusion model, Rippe et al. (37) reported that renal permeability to Ficoll was increased by 60 min of unilateral renal ischemia, primarily large (Ͼ55 Å) Ficoll molecules. However, Andersson et al. (2) found damage to both the size and charge barriers after mild (15 min) ischemia in isolated, perfused rat kidneys without morphological change as assessed by electron microscopy, suggesting that the glycocalyx (an endothelium-derived structure not imaged by electron microscopy) might be the source of barrier damage from ischemia. Because the glomerular endothelium is both Values are means Ϯ SD. CA/CPR, cardiac arrest/cardiopulmonary resuscitation; Naïve-NT, gonadally intact CA/CPR-naive mice; Naïve-OVX, ovariectomized CA/CPR-naive mice; ROSC, return of spontaneous circulation. Resuscitation parameters were not different between groups. Urine output was greater in estrogen-treated animals at 24 h post-CA/CPR. sero-and uroluminally upstream from the tubular epithelium, it is uniquely positioned to affect tubular function once it is compromised by ischemia-reperfusion. Together with the emerging data on renal endothelium in ischemia, this observation prompted our hypothesis that estrogen protected renal function following ischemia via improved glomerular endothelial function. To test this hypothesis, we used paired in vitro and in vivo models and complementary techniques to measure permeability: TEER (40) and transendothelial flux of the macromolecule Ficoll (29, 40) . Transient estrogen exposure reduced the permeability of glomerular endothelial monolayers after 8-h OGD and 4-h RGR. OGD is a limited model of ischemia-reperfusion. Cells in culture may be phenotypically different from the same cells in vivo, and the challenge of OGD (unlike ischemia) is that cells in the culture system are under limited, if any, physiological demand. For example, in preliminary experiments, we found that it took 24-h OGD and 24-h RGR to produce 75% cell death in the glomerular endothelial cell culture model, yet endothelial apoptosis is evident in the systemic circulation within 3 h of cardiac arrest in humans (12) . Because of this disparity, we also used the CA/CPR model to evaluate estrogen's effect on glomerular function.
The loss of a protective effect at the 8-h RGR time point could suggest that estrogen's effect is transient. It is also possible, however, that cell proliferation after OGD in all treatments obscured the differences that were visible at the 4-h RGR time point. Although increased TEER in all treatments at 8 h suggests this interpretation, Ficoll flux also increased across treatments at 8-h compared with 4-h RGR. Understanding these effects would be important to translational investigation, and we are focusing further experiments on this question.
CA/CPR is an established model of renal ischemia-reperfusion injury (7, 17, 18, 20) . Although the most extensive in vivo findings about renal ischemia have been derived from focal renal pedicle occlusion models, most human AKI occurs after whole body ischemia-reperfusion (25, 46) . CA/CPR is a titratable and reliable inducer of renal injury which functionally and histologically resembles human prerenal AKI, although it is limited in that in the murine model it is not possible to exclude the effects of ischemic distant organs on renal injury. Our finding that estrogen protects tubular function is in line with previous work in both pedicle occlusion and CA/CPR (18, 28, 32, 44) . The most significant finding from the in vivo model in the present study is that glomerular sieving of Ficoll-70 increases rapidly after CA/CPR, resolves quickly, and is reduced 2 h after CA/CPR by estrogen administration. We believe this finding is concordant with our in vitro findings and suggests that estrogen acts to protect the barrier function of the glomerular endothelium after ischemia-reperfusion injury. This conclusion must be drawn with some caution. First, Ficoll-70 is a polydisperse compound with an average Stokes-Einstein radius of 50 Å. We did not evaluate the size fraction of excreted Ficoll and cannot be sure that the apparent reduced permeability in estrogen-treated animals includes larger Ficoll particles. Since albumin has a Stokes radius of 36 Å, it is possible that if the change in permeability was only to small Ficoll molecules, there would be less physiological relevance to the observed result. Second, we quantified Ficoll-70 by measuring serum and urine TRITC fluorescence. The urine was obtained from the bladder after administration of intravenous fluid and a diuretic, necessary to produce adequate urine output in mice after CA/CPR. The urine output was slightly higher in estrogentreated animals than in vehicle-treated animals. It is therefore possible that some, but not all, of the effect observed on glomerular sieving is explained by concentration of the urine in the vehicle-treated animals. We do not believe this contributes to the observed result because the difference at 2 h was neither large nor statistically significant between treatments or between CA/CPR-exposed mice and CA/CPR-naive mice. Although we describe a defect in glomerular integrity induced by CA/CPR, the methods we (36, 41) have employed in vivo do not allow us to localize the effect precisely to the mouse glomerular endothelium, although the in vitro results of this study suggest that is a potential site of barrier disruption. Finally, we measured permeability to Ficoll-70 because it is uncharged and neither secreted nor reabsorbed. We speculate that the observed effect extends to albumin and other similarly sized physiological mediators, as has been observed in other models (36, 41) .
In summary, the present study demonstrates that estrogen reduces OGD-induced hyperpermeability of glomerular endothelium at least in part through the receptor GPR30 and that estrogen mediates in vivo post-CA/CPR glomerular permeability in a similar fashion. These findings support the hypothesis that glomerular endothelial function is critically altered by renal ischemia-reperfusion injury. Further study based on this premise will focus on the critical link between glomerular endothelial dysfunction and tubular functional failure, a link with likely implications for prevention and therapy of AKI.
